In this letter we investigate the throttling process of the charged Anti-de Sitter (AdS) black holes in the rainbow gravity. In the extended phase space of these black holes, the cosmological constant plays the role of a varying thermodynamic pressure and the black hole mass is identified with the thermodynamic enthalpy. We derive exact expressions for the Joule-Thomson coefficient and the inversion temperature in terms of black hole parameters and constants of rainbow gravity analytically, and then perform a numerical analysis for the isenthalpic and inversion curves of charged AdS black holes. Our calculations show all quantities are sensitive to rainbow parameter η. We also discuss the isenthalpic curves for different values of the black hole mass.
Introduction
There are two significances in General Relativity (GR) which cause it not to be a fundamental theory of gravity and needs to be modified or extended. The idea of short range or Ultra Violet (UV) modification of GR, which arises from the non-renormalizability of the theory [1] , and the other is large scale or Infra Red (IR) modification of GR, which might be the explanation of the observed late-time universe acceleration [2] or of the inflationary stage [3] . A large amount of research has been devoted to both implications but here we focus on the UV modification. Though the addition of higher curvature terms to the Einstein-Hilbert action establishes renormalizability, but this leads to the ghosts problem, that is the equations of motion involve higher-order time derivatives [1, 4] . Another approach including higher spatial derivatives only, and motivated by the Lifshitz theory was constructed by Horava [5, 6] . The Horava-Lifshitz gravity includes different anisotropic scaling for the space and time and is regarded as a UV completion of GR. 3 However, there is an alternative UV completion of GR in which instead of modifying the action, the spacetime metric is deformed. This construction named Rainbow Gravity (RG) [8] . This deformation exhibits a different treatment between space and time in the UV limit, nearly the Planck scale, depending on the energy of the particle probing the spacetime, while at low energy limit one recovers the standard form of the metric in GR. This deformation has been shown to cure divergences avoiding any renormalization scheme [9, 10] . As the standard energy-momentum dispersion relation depends on the Lorentz symmetry, it is expected that the standard energy-momentum dispersion relation will also get modified in the ultraviolet limit. The modification of the standard energy-momentum dispersion relation has motivated the development of doubly special relativity (DSR) [11] [12] [13] [14] . In fact, DSR is an extension of special relativity which has two upper bounds; the velocity of light and Planck energy. The generalization of this theory to general relativity is RG [15] [16] [17] .
On the other hand, thermodynamics of black holes [18, 19] has fundamental connections among the classical thermodynamics, general relativity, and quantum mechanics. More specifically, due to the development of AdS/CFT conjecture [20, 21] , this connection has been deepened and a lot of attention has been attracted to AdS black holes. The relation between geometrical properties of the event horizon and thermodynamic quantities provides a clear indication that there is a relation between properties of the spacetime geometry and some kind of quantum physics [22] [23] [24] . Chamblin and et al. have shown in Refs. [25, 26] that charged AdS black holes have rich phase structures. This phase transition is analogous to a van der Waals liquid-gas phase transition [27] where the cosmological constant is identified as pressure [28] . Kubiznak and et al. studied the P-V critical behavior and critical exponents in Refs. [29] [30] [31] that corroborates deep analogy between a charged AdS black hole and a van der Waals fluid 4 , such that a lot of attention has been turned into the study of extended phase space thermodynamics and P-V criticality of black holes in different theories such 3 Horava-Lifshitz gravity is known to suffer from perturbative instability in the IR, ultimately due to an extra mode which comes from the explicit breaking of general covariance (because of higher spatial derivatives but not higher time derivatives). One of the ways to fix this is to have Horava gravity emerging dynamically in the UV while preserving Lorentz invariance (or rather, not having a preferred foliation) in the IR [7] . 4 Studies about the reentrant phase transition and triple point in the extended phase space have been done in Refs. [32] [33] [34] [35] .
as Born-Infeld theory [36] , Non-linear Maxwell theory [37, 38] , Gauss-Bonnet theory [39] , and higher order gravities [40, 41] .
Another process comes from this analogy is the Joule-Thomson (JT) expansion. In JT expansion a gas at a high pressure passes through a valve or porous plug to a low pressure section such that during the process enthalpy is unchanged and the process is an adiabatic expansion. The interest of study this process for black holes returns to small rate of black hole Hawking radiation which can be regarded as an adiabatic expansion though there is no porous plug. Recently, the JT expansion process in the case of charged AdS black holes has been studied in Ref. [42] and a few later the authors also considered this effect for the Kerr-AdS black holes [43] . The computations for Kerr-Newman AdS black holes have been done in Ref. [44] and the generalizations to charged AdS solutions in the quintessence and monopole black holes have been done in Refs. [45, 46] . Higher dimensional charged AdS black holes have been argued in Ref. [47] . JT effect has been also considered in modified theories such as Lovelock gravity [48] , f (R) gravity [49] , Gauss-Bonnet gravity [50] , nonlinear electrodynamics [51] , Einstein-Maxwell-Axion and massive gravity [52] , and Bardeen theory [53] .
In this letter, we are curious to study the JT expansion for charged AdS black holes in RG. This generalization is of physical significance since varieties of intriguing thermodynamic properties have been disclosed for this solution in RG [54] [55] [56] [57] [58] [59] [60] [61] [62] . It is naturally expected that this research may give rise to novel findings concerning the JT expansion. The main motivation for studying black holes in RG is to consider the quantum corrections on the classical perspectives. The idea of energy dependent spacetime is one of those quantum corrections. Considering this energy dependent spacetime, we can venture on the effects it brings about on the JT expansion of charged AdS black hole. Due to modification of the original surface gravity in RG, the rainbow Hawking temperature is very sensitive to the concrete expression of rainbow functions and consequently the entropy from the first law. We study the inversion temperature by using the equation of state in which the cooling-heating transition occurs in throttling process. In this treatment, the mass of black hole plays the role of enthalpy in the extended phase space [28-31, 63, 64] . We plot the inversion and isenthalpic curves for different values of parameters and discuss some of the relevant issues in RG.
Charged Black Holes in Rainbow Gravity
Lorentz symmetry is one of the most important symmetries in nature which might be violated in the UV limit [65] [66] [67] . Since the standard energy-momentum dispersion relation depends on the Lorentz symmetry, it is expected that it will also get modified in the ultraviolet limit named doubly special relativity(DSR) [11] [12] [13] [14] .
On the other hand, RG is a generalization of DSR applied to curved spacetime [15] [16] [17] . In DSR theory there is a maximum energy scale in the nature which is the Planck energy in accordance to modification in UV limit. The energy-momentum dispersion relation for a test particle of mass m is given by
where the two energy dependent rainbow functions satisfy in
and η is a dimensionless constant which we called it rainbow parameter. The relation (2.1) goes to the standard form when the energy of the test particle is much lower than the Planck scale. The rainbow metrics lead to a one parameter family of connections and curvature tensors such that Einsteins equation becomes [54, 68] 
where G µν (E/E P ) and T µν (E/E P ) are energy-dependent Einstein and energy-momentum tensors, and Λ(E/E P ) and G(E/E P ) are energy-dependent cosmological and gravitational constants. In this work, we choose the RG functions discussed in Refs. [11, 12, [69] [70] [71] which are phenomenologically important,
The modified charged AdS black hole in RG is described by the following line element analogous to
Schwarzschild black hole in Ref. [16] 
where
The parameters M and Q are the mass and charge of the black hole which to avoid the singularity we should have M ≥ Q, and l is the radius of AdS space related to the cosmological constant as Λ = − 3 l 2 . The location of event horizon is given by the largest real root of f (r) = 0.
Thermodynamics of Charged AdS black hole
The study of thermodynamic properties of asymptotically AdS black holes dates back to the seminal work of Hawking and Page [24] about the phase transition in Schwarzschild-AdS black holes and for more complicated backgrounds in [72, 73] . The thermodynamics of charged black holes which is our interest in this paper, have been considered extensively in Refs. [25, 26] . In particular, in the case of an asymptotically AdS black hole in four dimensions the cosmological constant Λ is identified with the pressure by [28] 
and its conjugate variable in black hole thermodynamics is the volume
where r + is the event horizon of black hole. The temperature of the modified black hole in (2.5) can be calculated from the surface gravity κ on the horizon [54] , namely
where prime is the derivative with respect to the r. According to the uncertainty principle, ∆p ≥ 1 ∆x can be translated to a lower bound on the energy of a test particle [74, 75] 
Without lose of generality and for later convenience we take G = 1 and n = 2 in (2.4), so by substituting dispersion relation (2.1) and uncertainty relation (3.4) in (2.4) we obtain the rainbow function as
, and m is the mass of test particle. Thus the temperature from (3.3) is given by
The black hole's mass can be easily calculated from the condition f (r) = 0 in terms of horizon radius
in which we have used the relation (3.1). In the previous section we assert that the area of horizon will be corrected when we use the modified metric (2.5) [58] . So, the modified entropy is as follows
and we have checked that the quantities given in (3.6)-(3.8) satisfy the first law of black hole thermodynamic
for constant Q and P . The pressure of charged AdS black holes in RG has been calculated in [76] 10) where in the limit η = 0 it reduces to (3.10) in Ref. [29] . We can also rewrite the relation (3.10) as the equation of state by substituting r + in terms of volume V from (3.2).
Joule-Thomson Expansion
The JT expansion, which is also known as the throttling process, occurs when a gas of high pressure section penetrates to a low pressure section through a porous plug and is a fundamentally irreversible process. In this process, the enthalpy is kept constant and the gas undergoes an adiabatic expansion, so an isenthalpic process can be applied to calculate the temperature change. This temperature change in the throttling process is encoded in the JT coefficient. That is, the numerical value of the slope of an isenthalpic curve on a T −P diagram, at any point, is called the JT coefficient and is denoted by
The locus of all points for zero JT coefficient is known as the inversion curve. An important feature of JT coefficient is that the region in T −P diagram where µ > 0, it is called the cooling region and where µ < 0, is called heating region. From the first law of black hole thermodynamics, the change in the mass is given by
where Φ is the electric potential of the black hole at the horizon
for constant S and P . Taking into account dM = dQ = 0 in the throttling process, then we obtain
so if we substitute the relations (3.2), (3.6)-(3.8) in (4.5), and that C P = T ∂S ∂T P,Q it gives µ = 2 3k
The inversion curves T i versus P i are obtained by solving µ = 0, as a result of that we compute r + in terms of P i and then substitute the largest root in (3.6). We have plotted the inversion curves for different values of black hole charge in Fig. (1a) . As illustrated in figure, the graphs are monotonically increasing, so there is no maximum inversion temperature for charged AdS black holes in RG. This behavior is essentially different from the real gases in thermodynamics such as van der Waals gas [42] [43] [44] . Each curve has a minimum value of inversion temperature T min i
, which corresponds to zero inversion pressure, P i = 0. Since
is a monotonically increasing function, there is only a minimum inversion temperature and the cooling and heating regions lie above and below the inversion curve, respectively. Though the inversion curves have the same behavior for the large pressures, but as depicted in Fig. (1b) in the low pressure limit they have different behavior. That is by increasing the charges they fall to low temperatures. From the relation (4.6) if we use P i = 0 in µ = 0 equation and then solve it for r + , we obtain four values for it. By substituting the largest one in (3.6) we obtain the minimum inversion temperature
where if we expand it for small η
the leading term for k = 1 gives the minimum inversion temperature in Ref. [42] . We have compared the inversion curves for the charged AdS black holes in rainbow gravity with the one in general relativity in Fig. (2a) and it shows that the slope of the RG's plot is less than the GR case. We have also plotted the inversion temperature curves for different values of the test particle's mass in Fig. (2b) . To better understand the behavior of this thermodynamic system we calculate the critical points from inflection point of P = P (r + ) [29, 76] , i.e.,
These equations lead to the critical values (4.11) where in the limit η → 0 they give the critical values in [42] . It has been shown in [42] that the ratio of minimum inversion temperature to the critical temperature for the charged AdS black holes in GR is equal one-half, but here we show in the case of RG this value will correct. As shown in Fig.(3a) this ratio is descending by growing η while the rate of changes decreases by increasing the charge of black hole. A similar behavior occurs in Lovelock [48] or in higher dimensional charged AdS black holes [47] when we increase the Lovelock parameter or the dimensions. The Fig. (3b) describes that for a particular value of η = 1 the ratio will deviate significantly for small Q but it does not change for larger values. This also can be seen by expanding the ratio for small and large limit of the charge. While the leading term is 2/5 for small Q 12) it is 1/2 for large Q, i.e., T min i Since the JT expansion is an isenthalpic process, it is also of interest to consider the isenthalpic (constant mass) curves. We can obtain the isenthalpic curves in the We can also have the curves that do not intersect with the inversion curve or the ones that intersect with each other. In the former, the temperature for zero pressure (P = 0) is denoted by T • , so by equalizing it to the minimum inversion temperature T min i
, since the inversion curve is monotonically increasing, we can find a particular value of black hole's mass which we name it M = M * . This curve is illustrated in Fig.(5a) or M < M * there is no inversion point in heating region. In the latter curves, in the zero pressure limit, there is also a maximum value for the temperature T max • which is correspond to a particular mass M =M . We calculate these masses for the case Q = 1 as M * = 1.024 andM = 1.208. For any isenthalpic curve with a mass greater thanM the curve should intersect with the others in the T − P plane, as shown in Fig.(5b) by the doted curve for M >M .
Conclusion
In this letter we have mainly studied the Joule-Thomson (JT) expansion process in the rainbow gravity (RG) for charged AdS black holes. In this process, which describes the expansion of gas from a high pressure section to a low pressure section through a porous plug, we obtained an exact expression for the JT coefficient µ by an We have also shown that the slope of inversion curves slows down in RG by increasing both of the rainbow parameter η and the test particle's mass m in Figs.(2a,2b) in contrast to the effect of charge Q. One of the remarkable by-product studies in this paper is the ratio between the minimum inversion temperature and critical temperature where in the case of charged AdS black holes is equal one-half. Moreover, we have indicated in Figs. (3a,3b) that this ratio will change from this value by considering η and Q.
One of the significant subjects in this work was the analyzing of the isenthalpic curves during the JT expansion. For each curve, the highest value of temperature occurs at maximum point where µ = 0 and is called the inversion point, discriminating the cooling from heating process. According to Figs. (4) the higher inversion temperature for JT expansion corresponds with larger enthalpy (mass) and for larger charges the inversion point appears in lower temperature or pressure. The difference between these curves with the ones in [42] shows how the rainbow parameter affect the exhausting/absorbing heat process to the reservoir in cooling/heating regions, respectively. We inferred from the isenthalpic curves in Fig.(5a) that there is an upper bound for the mass of black hole for which we could have an inversion point, that is, for M < M * there is no inversion point and the expansion is always in the regime of heating process, where M * is determined from T min i = T • (p = 0). We have also shown that the curves with M >M , whereM comes from the extremum of T • (p = 0), intersect with the other isenthalpic curves before crossing the inversion curve in the cooling region.
